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Abstract

Background andObjective:lt is common to ambire biomechanical modeling amdedical images
for multimodal analysesHowever, mestimage mismatchmay occur that prevens direct information
exchangeTo eliminate mestimage mismatchye develop ssimple but elegardisplacement voxelization
techniquebased ormage voxel corner nodés achievesoxelwise strain Wethenapplythe techniquéo
derive dense white matter fiber strm@iongwhole-brain tractography~35 k fiber tracts consisting of ~3.3
million samplirg points)resulting from head impact

Methods:Displacemergat image voxel corner nodasgefirst obtainedrom model simulatiowia
scatteed interpolation Each voxel is thescaled linearly to form a unitexahedral elemenThis allows
convenientand efficientvoxelwise strain tensor calculation ad@éplacement interpolation at arbitrary
fiber sampling pointsia shape functiong=iber straiis from displacement interpolati@arethen compare:
with thosefrom the commonly usedtrain t&sor projection using either voxabr elemenwise strain
tensors.

Results: Based on a synthetic displacement fieldhef strainsinterpolated fromvoxelized
displacementare considerablymore accurate thathose fromstrain tensor projection relative to the
prescribedyroundtruth (determinant of coefficientY ) of 1.00androot mean squared error (RMSE) of
0.01vs.0.87 and0.10, respectively. Fora set ofrealworld reconstructethead impact§N=53), the strain
tensor projectiormethodperformssimilady pootdy ('Y of 0.80/ 0.90 and RMSE 0f0.031 0.07), with
overestimation strongly corretatwith strain magnitudéPearson correlation coefficient >0.9)p to~15%
of the fiber strain@reoverestimateé by more tharthe lower bound ofa conservative injuryhresholdof
0.09. The percentage increate ~37% when halving the thresholtbxel interpolation islsosignificantly
moreefficient (15secvs. 40 sec for element strain tensor priget without parallelizatioh

Conclusions:Voxelized displacemetmterpolationis considerably more accuraaed efficientin
deriving densavhite matterfiber strainsthan strain tensor projectiomhe latter generally overestimates

with overestimation magnitude strongly correigtwith fiber strain magnitudeDisplacement voxelization

is an effective technique to eliminate mastage mismatch and generates a convenient image
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representation of tissuefbrmation.This technique can be generalizedbtoadlyfacilitateadiverserange
of imagerelated biomechanicaroblems fomultimodal analyss. The convenient image format may also

promoteand facilitatebiomechanical datsharingin the future

Keywords: biomechanical model, medical imaging, finite element methodfimodal analysisstrain

tensor, traumatic brain injuryWorcester Head Injury Model
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1. Introduction

The finite element (FE) methdaas beerwidely applied to studya wide array of biomedical
problems[1], including thesimulaton of biomechanical behavior of diverse biological tiss(eg., soft
tissue[2], bone[3]) under differenioading conditions (e.gsurgery[4] and injury[5]). CombiningFE-
basediomechanical modelingith medical imaginds alsoacommonpracticeas it allows fomultimodal
analysisto enabletheir mutual validation and theegeration of personalized modg&7]. Typically,
biomechanickmodels usaliscretizednesh nodes and elements to sample displacement and stress/strain,
respectively[8]. Mesh elements can be afany shape or combinationsof different shapessuch as
triangles and quadrilaterals in tvdimension (2D), or tetrahedrons and hexahedrons in-thneension
(3D), provided thatthey satisfy numerical accuracy requirensefthereare no size restrictiom either,
although smaller elements atesired for improved accuracy in BiEnulation,and they are alstypically
used in regionghat would experiencgreater response gradie@oth nodes and their connectivity

relationshipexpressed in elements are necessadgterminehe spatiatiscretizationrscheme.

In comparison, medical imagégically employregularlyshapedixels or voxels (in 2D or 3D,
respectively) tosampleanatomical and/ophysiological information such as tissue propdfjy. This
sampling scheme is much more restricheeause pixels/voxels need to conform to a lattice or grid pattern.
In addition,their spatialresolution(i.e., physical dimensiofor eachpixel or voxel) along each anatomical
axis is also fixed, although they may differ among the major 8exzause of thesestrictions an image

resolutionand the directiosiof major axes arsufficientto determine the spatidiscretization scheme

Neverthelessyhenthe mesh and imagpatialdiscretizatiorschemeslo not aligrin spacemesh
image mismatch would occufor example, mesh element centroids do not align with pixel/voxel centroids.
This wouldprevent direct information exchangen resolve mesimage mismatch, deformatioasponse
resamplingis often necessaryhat is, to interpolatelementwise strainsatimage pixel/voxel centroil
[10i 12]). A maximum of 6 interpolations are necessary to generate a complete straifiééahso3D [12].

In addition, there could be concerns on the interpolagmuracy given that elemewise strains coulthe
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discontinuous at the element boundakysystematic investigatiois lacking on how best to resolve the

meshimage mismatclproblemto yield maximum accuracy and efficiency.

In FE simulation and analysislisplacementffield is first obtained by solving the system of
equations, from whiclo derivestressstrain[8]. The latterare usually the response variablef interest
across diverseitmechanical problemicluding, but not limited toartery [13], tooth [14], stent[15],
cartilage/16] and tendofil 7] collagen, healftl8], and brairf5]. Bothdisplacement and strésgainsample
a spatiallycontinuougesponsdield. Neverthelesghey areall fiforced to usea finite number oflegrees
of-freedom DOF9 for responsesampling which leads taliscretization err&[8]. Further resampiig the
already discretized deformation fidglidorderto conform to an image voxel lattice would seem to amplify
the error. This is particularly of concern in downstréaomechanicahnalysis such as deriving fiber strains
along white matter fiber tractsom head impact simulation in the field of traumatic brain injdiSi 23].
Thereforejt is importantto studyhow best taesample a defmation fieldto maximally preserve response
accuracyandwith high efficiency whentransforning it into an image spader subsequentnultimodal

analysis

For linear FE elementmost widely usedand virtually exclusively used in head injury models
[5,24)), displacement varid@early across elemesatThey lead toelememwise constant straif8], which
is discontinuous at the element boundaihis suggestthatdeformation resampling based on displacement,
rather thanthecommonly usedtrain, may be more accuraieverthelessan extraszoxelwisestrain tensor
calculation is necessary farvoxelizeddisplacemenfield, as the response of interest is typically strain
rather than displacemeritiself. However this calculatiorcan bemuch simplified becausegularlyshaped
voxels are a special type of hexahedral elertetitcan bsimply scaledinearlyto a unitelementStandard

element shape functions are then reaaliplicable

Therefore, theaim of this study is talevelop a displacement voxelization schdmeesolve the
commonmeshimage mismatch proble@nd apply it to derive dense white matter fiber strains along the

whole brain tractography due to head imp&ue first verify our customizedoxelwise strain tensor
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calculation through hexahedral element shape functions against Abaqus simulation. Wdenibere fiber
strain accuracy and efficiency using voxelized displacement interpolatiorthgitommonlyusedstrain
tensorprojection methd, based on either voxadr elemeniwise strain tensor froomodel simulatiod 191

23]. The latterapproactcould beslow (e.g., ~28 min to procegsst the transcallosafiber tracs overthe
course ofan impacusing an unoptimized cod5]). More importantlyjts accuracyhasnot been verified

butthisis critical asfiber strainis now thoughtto be more predictive of injurfd9,22,26,27]

If postsimulation displacement voxelizations effective for head impact simulatiorit is
anticipatedto be applicable totherbiomechanical problemas well. This simplebut elegantechnique
allows generating an image representatibdeformationto eliminate mesfimage mismatchrhis could
greatly simpify downstream calculati@of voxelwisestrain tensqrwhichallowsconvenienimagebased
strain analyes and morphological operatiswithout the usual disadvantage of a voxelizedsiasedin
numerical modelingGiven thatmeshimagemismatch is common across diverse biomechanical fig]ds
this techniquecan begeneralizednore broadly for seamless integration of biomechanical modeling and
medical imagindgor multimodd analy®s. The convenient image format may also promote and facilitate
biomechanical data sharing in the futiespecially when it is not feasible to share the biomechanical model,

itself.

2. Methods

2.1Fiber strainand strain tensor fromoxelizeddisplacementfield

In this study, we consider white matter fiber tracts from tractography as a set of ordered and discrete
sampling points that define geometritiak segmert of fibers Fiber strain, by definition, desbes the
relative stretch of each line segment, or tekative change imistance between two neighboring fiber
sampling pointsin fact, t can bedirectly determined byher difference indisplacemeninterpolaedfrom
those ofthe surrounding noes(via scattered interpolatiom; e f er r ed t o as .Homever,h i nt e

thisapproactdoes not provide a voxelizetkformationto resolve the mesimage mismatch
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To rectify,wefirst fivoxelized the displacement field bypterpolatng displacementat voxel corner
nodes For an image volume of size gf 1| i, wherer, 1}, andi are the number abws, columns, and

framesalong the three anatomical directiopss, andz, respectively, this requisslisplacement resampling

at voxel corner nodal locations of size gf p n p i p,asillustrated inFig. 1.
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Fig. 1. lllustration of meshimage mismatch, wheran image volume of size ¢f 1 i requires
displacementesampling at voxel corner nodes of sizepf p n p i p togenerate a voxel
wise strain tensor fielthat will conform to the given image volum&o improve visualization, only a 2D
projection is shown. An arbitrary region can be sampletiwdtiple and arbitrary resolutioato yield a

multiresolution representation, if needed.

A voxel is aspecial8-nodal hexahedral elemetihat can be simply scaldidiearly to form a unit
cube This allowsdisplacemeninterpolaton at arbitrary fiber sampling pointdirectly via hexahedral
elementshape functiosi(after proper scaling to yield an isotropic voxel resolutiodinfensionles2 in a

natural coordinate systegiven by, , —, and-):
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1T B 0 ,hh 0 . (1)

where¢ are the voxel corner node displacementsiangdh-h- are the shape functisnepresented as

an 8 3 matrix for a given hexahedral eleméntth one integration point at element centroid)

Fiber strain can then tsmilarly determined byhedifference in displacemenf two neighboring
fiber sampling points aisiterpolated fronthe corner nodesf the enclosingvoxgl r ef erred t o
i nt er p olbcalizingahe @grresponding enclosing voxel is greatly simplified identifying the

closest integer along the three major axear{d.min MATLAB; after proper scaling).

To summarizean image volume is first used to generate voxel corner nodes. Their displacements
are obtained from FE nodal displacemeandsscattered interpolation. For each white matter fiber sampling
point, the corresponding displacement is then determined threxgihddral shape functions based on the
enclosing voxel. The displacement difference between two adjacent fiber sampling points readily

determines the corresponding strain.

2.2 Strain tensor projection

To derive voxelwise strairtensor the deformatiogradient¢, is calculated as:
g @)

whereL are thevoxel cornemode coordinatesn the global coordinate system . h-h- aretheir

A

correspondingnodal coordinates ithe naturatoordinatesystem andg€ is an identity matrixé is the

Jacobian matrixwhich is calculated as the transpose of the shape functiweisiX of size of3 8)
multiplied by thenodal coordinates of the 8 element nodes (matrix of siz& A&, with each row
representing the three coordinatesaafivennode. The outcome then leads tBa3 Jacobiammatrix. In
this study, wecalculateengineering strain following the finite straimeory(which can be easily extended

to other types of strain measui@}), as it is directly available from Abaqus to verify our customized

as
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MATLAB i mplementation. The following hold:

qoovE £, 3)
e 4

wheren is the leftstretch tensor in the current configuration, ang the engineering strain tensor of
interesf{28]. For aregularly shapesoxel, &€ degenerates intoZ 3 matrixwhose only notzero elements
are along thenatrix diagonal. For an isotropic voxef the same resolution along the three major @es
furtherdegenerates into an identity mat@xwith a proper scaling). This greatly simplifies thestomized
implementationbecause no explicit and costly matrix inversion is necessary to calculate the inrse of

Eqgn.2, which isalsocritical for achiewng a high efficiency

To project strain tensor based on voxelized displacement FE el ement s (referre
fel ement 0 tensor ,phegmhakcootdinadersystem igretates sotitsraxes is gliyned
with the fibertangentiadirectiondetermined from a forward difference methdalie to large rotation, it is
important toaccount for the change in fiber orientatimefore strain tensor projecti¢®9]. For voxelized
displacement, the current fiber orientatisrachieved by the updated fiber sampling point displacements
via shape functions. For FE mebhsed displacemente updated displacements are obtained through

scattered interpolation instead.
Finally, straintensor in the rotated coordinate sysisrabtained:
i N, ®)

where the 4y-4 matrix,T, is the rigid bodyransformation from the global to thechlcoordinatesFiber

strain,rR , at the given sampling pointtisenavailablethrough the following equation

S (6)

To summarizeyoxelwise strain tensas efficiently calculated using hexahedral shape functions

due tothedegenerated Jacobian matihe current Wwite matter fiber orientatiois then determined from
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the updated fiber samplingoint locationsbefore stain tensor projectipfor which the global coordinate
system is rotated so that #sxis is aligned with theurrentfiber tangential directiorOf note, the updated
fiber sampling pointocationscan be directlyusedto determine fiber strainTherefore, strain tensor

projection is, in fact, unnecessaNevertheless, wemployedthis method for accuracy comparison

2.3 AnisotropicWorcester Head Injury Mod&2.0

We employedhe anisotropic Worcester Head Injury Model (WHIM) V8. 2) [30] for testing
The model contains 227.4 k nodew 202.8 k hexahedral elemefusthe brain (with an average element
size of 1.8 0.4 mm) and 221.1 k nodesd 440 k membrane elemefasthe cerebral vasculaturesith
an average element size of 1 mni).also hasa caregistered companion hele-brain tractography
consising of ~35 k fibersrepresented by a total of ~3.3 million ordered sampling pwitits. mmrelative
distancebetween two adjacent poirf25]. The head coordinate system was chosen such that the pesterior
to-anterior, rightto-left, and inferiofto-superior directions corresponded to they, andz directions,

respectively.

(a) cerebru falx (b)

tentorium
— Y: right-left N
— X: posterior-anterior
— Z: inferior-superior

cerebellum
brainstem

Fig. 2. Anisotropic Worcester Head Injury Model V&Bowingthe meshd), elemeniwise fiber directions

based on wholeraintractographylf), and cerebral vasculatures including arteries, veins, and sigises (

10
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2.4 Synthetic displacement field to verify vexie strain tensor calculation

To first verify our customized implementation of voxgise strain tensor calculation,layer of
voxels of size ol9 19 1was generated, with an isotropic resolutiodiofensionles&. This led to voxel
corner nodes of size of 2@0 2 (Fig. 3a). For eacmode at locationx(y, 2), a radial vector emanating
from the origin "y, was determinedlhe nodaldisplacement wathenspecifiedaccording to the following

equatiorthat uses ainefunction to regulate a nonlinedeformationpattern

"H OE® ® o & . (7)

The scaling factor, 0.5, was empirically choserptoducea reasonable displacement magnitude without
excessive distortion. Thesulting deformed voxelareshown inFig. 3b. Their voxelwise strain tenser
werecalculatedaccording to Egns.i¥ in MATLAB . To compare witt h e A-¢g r a t h dbadus o m
simulation, @ch voxel was converted into a hexahedral element, digilacement®f its eight noas

prescribed as boundary conditioi$ement type, C3D8R, was used, whi@slone integration poiras

adopted in the customized implementation.

Fig. 3. Comparison of thea) undeformed andb) deformed block of voxelalso shown as meshdsach
voxel has an isotropic resolutionadifnensionles® and is convertethto the corresponding hexahedral

element

11
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2.5 Synthetic displacemefield for white matter fiber strains

To benchmarkaccuray of displacement voxelization to calculate white matter fiber strains
syntheti¢ nonlinearandin-planeaxial sheaideformatiorfield was devisetb simulateinjury-causingshear
strain[8]. The displacementnagnitude’Q was determined by a&ine function to emulag in vivo brain

harmonic motiori31]:
"H pmt OET® i ib, (8)

wherel (in mm)is thexy-planedistance relative to the head center of gravity

i 0 o, €)
andipis the counterclockwisetangential direction normal tthe inplane radialdirection (Fig. 4). The

displacementmagnitude was chosen to produggical strain levels that could occur in reatworld

concussivempacs.

(a) (b) (mm)
BEs! AEaRsEs 10
H o 0

Fig. 4. Synthetic displacement field is applied to element nodes and fiber sampling points to compute
AgroturnwWdt ho f i ber strains f omodydisplacementdnagnitugeiss el ect e c
shown). Element nodal displacements are used to resahyareh corner nodes of an image volume

(i sotropic Apixel o0 resol uadimminerdn imprave visaakzatiarvs.an ma gi n g

isotropic resolution of 1.8 mm used in analybis lllustration of engineering fiber strain calculatia). (

12
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The displacement field waapplied to all WHIM nodes and white matter fiber sampling ppints

woul d g e-he uBdméntnotakdisgiagements wiienused taesampatvoxel

corner nodsof animagevolume Its isotropicvoxel resolution wasetto be1.8 mmto match with the

averagdrain element siz&roundtruth fiber straingt100randomly selectefiber tract§~9000 sampling

pointsandfiber segmentswere usedo benchmarlkaccuracyamongthe fourmethods: mesh interpolation,

voxel interpolationandstraintensor projectioased on either voxels or elements

2.6 Application to ealworld head impast

Laboratory econstructed head impacts from thiational Football League (NFLB2] wereused

for furtheraccuracy comparisoirhis dataseincludess3 reconstructed head impaatsdoffers a range of

impact severities and strain magnitudes for evalugkian 5). For each impact, theead rotational velocity

temporal profilewasused as input fampactsimulation.Fiber strains along thehole brain tractography

were calculatedt thetime when thepeakmaximum principal strain (MPS; assessed at thep@Bcentile

level) was reachedhis ensured thatrains wereomparedor a given unique displacement field.

(@)oo

0

b c
(b)10 (C)os =y
77 B \@ * © non-inj.
¥ *
L ¥*
g 04 . * * **
¥ ] * ¥
z 5 R - ©
© o F oo, %2 %
[ ¥ ¢o o o
202t o © ok
°a ° ° o ©
° *o o ©
o
o ° o
[+
0 0
20 40 60 0 02 0.4 086 0 10 20 30 40 50
peak Vrot (rad/s) peak MPS case #

Fig. 5. Histogram of the peak rotational velociy Gnd peak MP S| for the 5%econstructed headhpacts,

along with thedistribution of the peak MPS across @ concussive an@3 nortinjury cases ). One

concussive caggCase077HDO2was selected fdurtherdetailed illustratior{arrow).

2.7 Data analysis

For the synthetic displacement field designed to stress test the customized strain tensor calculation

13



268 the determinant of coefficien, , and root mean squared error, RM$®@&ative toresult fromAbaqus
269 simulationwereevaluatedor each strain tensor compon€enob. obtain’Y between a paiof predicted and
270 observed datdQandw, respectivelywith "“angng from 1 to the numberfeample}, the residual sum of

271 squaresnd total sum of square¥(Y and"Y"Y, respectivelypre first obtained:
272 YY B w Q , (20)
273 YY B w ®» , (12)

274  wherewis the mean of the observed dathen,Y is defined as the following:

275 Y o op — . (12)

276 When'Y is 1.0,”Y"Y will be zero, indicating that the predicted values exactly match the observed

277 counterparts

278 For the synthetic displacement fialded to benchmark the accuracy of white matter fiber strain
279 using the four competingchniquegi.e., mesh interpolation, voxel interpolation, voxel tensor projection,
280 and element tensor projectioiyy , andRMSE were compared against the knoamnprescibed ground

281 truth fiber strains tidentify thei most accur atedo baseline method

282 Forrealwor | d i mpatt st hdighriobmed st lbecause sf uncestaintiesinnav ai
283 head injury modelalidation [33,34] Therefore, the baseline methémm the synthetic displacement

284  comparisa wasused to benchmark the accuesof other methodin terms ofY and RMSE Note, the

285 accuracy assessment here is separate from a different issue of model validation against the unknown
286 groundtruth. To provide context of the relative errofiger drain differences relative to the baseline

287 method were also comparedth® lower bound ofaninjury threshold of 0.09 determined from an animal

288 injury study[35]. The thresholdralueis similar to the optimal injury threshoidentified when using the

289 average fiber straifiom WHIM as the injury predictor based on tieeonstructedlFL head impactf36].

290 Itis also on the same order relative to injgausing axonal microtubule straii37,38] To furtherverify

14



291 the customized strain tensor implementati@yns. 14), the resulting MPS of the whole brain fan a
292 examplehead impact caseas comparedagainst theAbaquscounterpartWe chose NPS because its

293 currently the primary responseriableof interest for studying brain injury biomechan[&s8,33]} The

294 head rotational velocity and @sleration profiles for the selected case are given in the Supplementary

295 Material(Fig. SJ.

296 Finally, we suspectethat the accuracy of the displacement voxelization technique as well as the
297 voxelwise strain tensor projection method would necessarilyeddpon thevoxel spatial resolution.
298 Thereforewe alsoincreased the isotropic imagexel sizefrom 1.8 mm to 4 mm to derivigber strains

299 using the displacement interpolation technique and strain tensor projection foetziracy comparison

300 All impact simulations were conducted in Abagusrsion 2018Dassault Systemes, Frahom a
301 Linux workstation (double precision, 15 CPUs, Infelon E52698 with 256 GB memory, and 4 NVidia
302 Tesla K80 GPUs with 12 GB memonrAll otherprogramswere implemented anfdirther optimizedfor
303 maximum efficiencyn MATLA B (R2020aMathWorks, Natick, MA). All MATLAB computations were
304 executed onraordinaryWindows 10 desktopomputer [htel XeonE52623 v4 with ZZPUsand32 GB
305 memory) No parallelizationwas used for objective efficiency comparison in this stushatistical

306 significancewasdefined at the level d@.05

307

308 3. Results

309 3.1Synthetic displacement field for voxeke strain tensocalculation

310 Fig. 6 compares our customized voxeise strain tensor calculati@gainst Abagusimulationfor
311 the synthetic displacement field illustratedrig. 3. Each sukimage shows theorresponding strain tensor
312 component distribution on the undeformed imagesh For all components, the two were virtually
313 identical with'Y of 1.00 and RMSE of ~4 10% exceptfor - and- with a slightly degraded

314 performance’f of 0.99andRMSE of 0.002) In part,this wasdue to loss oflataprecision when writing

15
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the displacement boundary conditions into text #ssequiredfor Abaqus simulation.
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Fig. 6. Comparison ofhe six strain tensor components betweancustomized voxelise strain tensor
calculatiors (top) and counterpartdrom Abaqus simulation (bottom)he undeformed and deformed

imagesmeshes are shown kig. 3.

3.2 Synthetic displacement fieldr fiber strains

Fiber strains fronmesh and voxenterpolatiors were both virtually identical to theprescribed
groundtruth (Y of 1.00with RMSE of 0.0}. Voxel and elementtsain tensorprojectiors also produced
very similarresultsbetween themselvgdy of 0.98 with RMSE of 0.B). However,they werepoorer

compared to the grourtduth (Y of 0.87 with RMSE of 010; Fig. 7).
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